The concentration of a calcium-binding protein modulator of 3':5'-cyclic-nucleotide phosphodiesterase (EC 3.1.4.17; Cyclic nucleotides play an important role in the regulation of cell growth and differentiation. Studies with cultured fibroblasts have shown that cellular morphology, motility, and growth, adhesion to the substratum, and macromolecular synthesis are influenced by cyclic nucleotides (for reviews see refs. 1 and 2). Cyclic nucleotides have also been shown to be involved in the regulation of several cell properties that are altered upon transformation by oncogenic viruses (1, 3). However, the mechanism of transformation is not known. At least two facts must be considered in any proposed mechanism of viral transformation. First, numerous cell properties are altered by transformation (1). Second, tumor viruses, which contain relatively few genes, readily transform cells (4). These observations suggest that there may be several discrete regulatory sites of the cell that are altered by the transforming virus. The metabolism of cyclic nucleotides, which has been shown to be altered upon viral transformation (3), could be one such regulatory site. It therefore becomes crucial to examine those processes that might affect cyclic nucleotide metabolism in normal and transformed cells.
enates of fibroblasts infected with a transformation-defective mutant of Rous sarcoma virus. Modulator levels in normal fibroblasts at subconfluent cell densities are 0.42-0.76% of the homogenate soluble protein, i.e., between that found in confluent normal fibroblasts and in fibroblasts transformed by Rous sarcoma virus. These observations suggest that the levels of the modulator protein are elevated under conditions in which chicken embryo fibroblasts are undergoing rapid growth and have decreased adenosine 3':5'-cyclic monophosphate levels. Cyclic nucleotides play an important role in the regulation of cell growth and differentiation. Studies with cultured fibroblasts have shown that cellular morphology, motility, and growth, adhesion to the substratum, and macromolecular synthesis are influenced by cyclic nucleotides (for reviews see refs. 1 and 2). Cyclic nucleotides have also been shown to be involved in the regulation of several cell properties that are altered upon transformation by oncogenic viruses (1, 3) . However, the mechanism of transformation is not known. At least two facts must be considered in any proposed mechanism of viral transformation. First, numerous cell properties are altered by transformation (1) . Second, tumor viruses, which contain relatively few genes, readily transform cells (4) . These observations suggest that there may be several discrete regulatory sites of the cell that are altered by the transforming virus. The metabolism of cyclic nucleotides, which has been shown to be altered upon viral transformation (3), could be one such regulatory site. It therefore becomes crucial to examine those processes that might affect cyclic nucleotide metabolism in normal and transformed cells.
One of the more extensively characterized viral transformation systems is that of chicken embryo fibroblasts (CEF) transformed by Rous sarcoma virus (RSV), an avian RNA tumor virus. CEF transformed by RSV have lower amounts of cyclic AMP than untransformed CEF (5) . Artificial elevation of intracellular cyclic AMP levels by addition of cyclic AMP analogues, adenylate cyclase [EC 4.6.1.1; ATP pyrophosphateAbbreviations: CEF, chick embryo fibroblasts; RSV, Rous sarcoma virus; Pr-RSV-C(nd), Prague strain of RSV, subgroup C; Pr-RSV-C(td), transformation defective strain of Pr-RSV-C; phosphodiesterase, 3': 5'-cyclic-nucleotide phosphodiesterase; NaDodSO4, sodium dodecyl sulfate. * From whom reprints should be requested. 2711 lyase (cyclizing)] activators, or cyclic AMP phosphodiesterase (phosphodiesterase) inhibitors causes several abnormal properties associated with transformed CEF to resemble those of normal CEF (5) . These studies suggest that it is the inability of CEF to maintain normal cyclic AMP levels that gives them many of the properties characteristic of transformed cells.
The levels of cyclic AMP in the cell can be controlled by at least three processes: (i) synthesis by adenylate cyclase; (ii) degradation by phosphodiesterase; and (iii) loss or transport of cyclic AMP from the cell (1, 6) . Regulation of cyclic nucleotide levels by adenylate cyclase and phosphodiesterase is complex. An important feature of this regulation is the demonstration that both adenylate cyclase and phosphodiesterase are stimulated by calcium through the action of a ubiquitous calcium-binding protein (7) (8) (9) (10) , termed modulator proteint.
We have previously reported that modulator protein is found in neurosecretory tissues of several vertebrate species in relatively high levels compared to nonsecretory tissue and that modulator protein is structurally and functionally similar to muscle troponin C, the calcium-binding regulatory subunit of vertebrate skeletal muscle (13, 14) . We (16) , obtained from Dr. P. K. Vogt, was used for virus infection experiments. Virus production was assayed by the presence of RNA-dependent DNA polymerase activity in the culture medium (17) . Virus was prepared for polypeptide analysis by purification as described by Cheung et al. (18) , but with successive equilibrium and velocity sedimentation using 15-60% (wt/vol) and 15-40% (wt/vol) sucrose gradients, respectively. N,N'-Methylenebisacrylamide (recrystallized from acetone), acrylamide (recrystallized from chloroform), 2-mercaptoethanol, and N,N,N',N'-tetramethylethylenediamine were obtained from Eastman Organic Chemicals. All other chemicals were reagent grade and used without further purification.
Protein concentration was determined by the method of Lowry et al. (19) . Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (NaDodSO4) was done by the procedure of Bolognesi and Bauer (20) . Modulator Stimulation of "activator depleted" phosphodiesterase by modulator protein was assayed by described procedures (13) . Chicken and bovine brain modulator protein, prepared by described procedures (13) , stimulated "activator depleted" bovine brain phosphodiesterase in an identical manner. Modulator protein from CEF cell homogenates was concentrated and separated from fibroblast phosphodiesterase by the initial purification steps in the procedure of Watterson et al. (13) , as modified by Awramik et al.t for the isolation of chicken brain modulator protein. Briefly, cell homogenates were centrifuged at 10,000 X g for 1 hr in an SS-34 rotor, the supernatant fluid was decanted, and solid ammonium sulfate (351 g/liter) was added to bring the solution to 55% (wt/vol) saturation. The resulting solution was adjusted to pH 7.0 with 1 M NH40H, stirred for 30 min at 40, then centrifuged for 30 min at 10,000 X g. The supernatant fraction was adjusted to pH 4.0 with 0.5 M sulfuric acid, stirred for 30 min at 40, and centrifuged at 10,000 X g for 30 min. The supernatant fluid was discarded. The pellet was resuspended in 0.01 M ammonium bicarbonate and dissolved by adjusting the slurry to pH 7.0 with 1 M Tris base. The protein was dialyzed against 0.01 M ammonium bicarbonate, shell frozen, and lyophilized. This pellet represents 93-100% of the modulator protein present in brain homogenate supernatants (13) .
RESULTS
Modulator protein in transformed and confluent normal CEF Modulator protein is a relatively small acidic protein that migrates rapidly on high percentage acrylamide gels run with discontinuous buffer systems (13) . We have used discontinuous polyacrylamide gel electrophoresis for the detection and quantification of modulator protein in supernatant fractions from crude homogenates of CEF. As seen in Fig. 1 vator-depleted phosphodiesterase is shown in Fig. 3 . This activator titration curve is identical to that of purified modulator protein of chicken brain and to those previously published for modulator protein of bovine brain and heart (10, 12 CEF are undergoing rapid growth and have decreased cyclic AMP levels. Cyclic AMP levels in CEF might be decreased through stimulation of cyclic nucleotide phosphodiesterase activity as a result of increased modulator protein levels. However, recent reports indicate that modulator protein also stimulates the activity of solubilized adenylate cyclase in the presence of calcium (7, 8) . The physiological significance of the activation of both synthetic and degradative enzymes for cyclic AMP by this regulatory protein is unclear at present.
In addition to stimulation of phosphodiesterase and adenylate cyclase, modulator protein may have other functions in CEF. Calcium has been implicated in the control of fibroblast proliferation (23) (24) (25) , in the modulation of the effects of cyclic nucleotides on fibroblasts (26) , and in the regulation of fibroblast motility (24) . The isolation of myosin and actin from fibroblasts (27, 28) and the morphological evidence for actin filaments in fibroblasts (29) suggest that these cells might have a calciumcontrolled contractile protein system resembling that in skeletal muscle. These proteins could provide the cell with a contractile and structural system for intracellular and cellular movements. Such a mechanism would appear extremely appropriate for conditions of rapid growth. We have shown that modulator protein isolated from brain is a calcium-binding protein that is structurally similar, but not identical, to muscle troponin C, the regulatory subunit of the troponin complex. The modulator protein from brain also has functional similarities to troponin C, i.e., it will function as a calcium-dependent stimulator of the ATPase activity of reconstituted skeletal muscle actomyosin.t The concurrent involvement of modulator protein in the regulation of a calcium-dependent contractile system in fibroblasts and in the regulation of cyclic nucleotide metabolism would provide a direct link between the mechanochemical systems and the metabolic processes of the cell.
